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Abstract

Cocoa swollen shoot virus disease (CSSVD) is a major disease of cacao (Theobroma
cacaol.) in Ghana and other West African countries that grow the crop. Attempts to develop
resistant varieties since the discovery of the disease in 1936 have yielded little success.
Recently, planting materials that are tolerant to the disease have been recommended for
planting in areas with high CSSVD prevalence. However, the effect of CSSVD on yield com-
ponent traits of most cacao clones including the tolerant varieties has not been well studied.
To investigate the impact of CSSVD on these traits, reduction in bean weight (BW), number
of beans per pod (NoBP) and dry bean yield (DBY) between symptomless and symptomatic
trees, and disease incidence (DI) among 210 different cacao clones were evaluated. The
clones were transplanted in June 2010 following a randomised complete block design with
four replications consisting of three trees per clone per block. Response of the clones to
CSSVD incidence had 180 of the genotypes having < 50% symptoms. Clones of Conta-
nama, Iquitos, Marafion, Nanay and unknown derived from Upper Amazon parentage had
less DI at the end of the study. The CSSVD effect (symptomless vs. symptomatic) was sig-
nificant (p < 0.05) for DBY and NoBP, and the symptomless trees surpassed on average
their symptomatic trees by 21.17% for DBY. Some of the best-performing clones identified
under natural CSSVD infection were; COCA 3348/52 and GU 219/V among the underrepre-
sented clones, B 36, ICS 40, NA 33 x IMC 67, T30/628, T60/887, T63/971, T 81/1879and T
82/503 among those that combine high DBY with low yield reduction, and NA 124, T17/358,
T35/78, T57/305, T63/971 x SCA 6, T65/239, T76/1835 and T82/2294 among those that
combine high DBY with no disease incidence. Their inclusion in breeding programs that
seek to develop resistant CSSVD varieties or deployment as planting materials in endemic
areas to improve yield production in Ghana is recommended on the basis of the present
observations.
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Introduction

Cocoa production in Ghana has not matched expansion in the area of cultivated land over sev-
eral decades. The lack of good cultural practices and the impact of disease and pests have fre-
quently been cited as some of the major causes of the poor productivity in the country [1]. The
cocoa swollen shoot virus disease (CSSVD) is one of the most devastating diseases on cacao,
and causes significant production losses and death of cacao trees [2]. The CSSVD is caused by
a badnavirus within the family Caulimoviridae. Several isolates/strains of the virus occurring
in Ghana and other West African Countries have been characterized using molecular studies
[3]. The virus is transmitted by mealybug vectors through their feeding activity as they move
through the cacao canopy.

Infected cacao plants can express different symptoms in the leaves, stems, roots and pods.
These symptoms include red vein-banding in young leaves which may be followed by vein
clearing or chlorosis along the veins [4]. Other symptoms that may occur concurrently or after
the leaf symptoms are swellings in stems, roots, and chupons, and also distortion in pod shape
and size, with affected pods becoming almost round or spherical [5]. All these symptoms nega-
tively influence the physiological response of the cocoa tree.

Cocoa Swollen shoot disease control in Ghana starts with identification of trees infected
with the disease by trained disease spotters who rely on the various visual symptoms. In a farm
with CSSVD outbreak, the rate of infection and amounts of infection relate to the combined
effects of resistance of genotype to infection and length of the incubation period between infec-
tion and virus availability for transmission [6]. The time of infection and expression of symp-
toms may vary from genotype to genotype, depending on latency period. In some cacao
genotypes, it may take two years before an infected tree will show symptoms [7].

The only effective treatment for CSSVD is eradication, where the infected plant or farm are
cut and replanted with disease free planting materials. This method is however very expensive
and currently a little over 300 million diseased cacao trees have been cut since the launch of
the program in 1946 [8]. Besides spending huge amount of money in cutting the trees, the
Government of Ghana is deprived of revenue which could have accrued from cacao yields
coming from these farms. The farmers who are also directly involved lose their regular source
of income [9].

In addition to the eradication method, several interventions such as biological control of
the CSSV mealybug vector [10], removal of alternative host plants [11], and barrier cropping
through isolation of cacao farms [12-14] have been promoted across time to reduce the spread
of the disease. Studies [11, 14] however show that the expected reduction in the spread of the
CSSV disease has not been achieved and the disease continues to spread at an alarming rate.
Inadequate funding for the interventions and low adoption rate of measures recommended for
CSSVD control by farmers are some of the reasons cited for the limited success of the pro-
grams [8]. With these interventions proving ineffective to control the disease, alternative mea-
sures such as resistance breeding, which has long been considered as the most sustainable
long-term solution to the disease, is currently being advocated [15, 16].

The first CSSVD resistance study conducted were on Amelonado varieties that formed the
basis of successful West African cocoa industry and was found to be highly susceptible to the
CSSV disease [17]. This led to the introduction of the more vigorous Upper Amazon germ-
plasm, which even though were not resistant were found to possess higher tolerance to CSSVD
than Amelonado when progenies of Amelonado and the Upper Amazon populations were
tested [18, 19]. The cacao progenies currently cultivated in most of the cacao-growing regions
in West Africa are predominantly of Upper Amazon origin [20, 21].
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The yield of cacao in Ghana and West Africa, at large, has generally been considered very
low even though most farms have been replanted with Upper Amazon varieties which are tol-
erant to CSSVD disease. In Ghana, annual average yields are typically in the range of 400 to
450 kg/ha [22], though on-station trials and on-farm demonstrations have recorded dry bean
yields in excess of 2,000 kg/ha [23]. Although most farms are now planted with the Upper
Amazon varieties, recent surveys show that the Upper Amazon varieties succumb to the
CSSVD under plantation conditions [13, 14, 24]. The inconsistency in performance of the
Upper Amazon planting materials may be partly accounted by the methods used in selecting
those materials. Most of the studies that selected CSSVD resistant materials were carried out
on young cacao seedlings under gauze-house conditions using vector transfer techniques or
seed inoculation method [25]. These methods do not portray natural field conditions as yield,
which is the most important component of the crop, is not considered. Selecting genotypes
that are high yielding under natural CSSVD conditions is important for sustainable cacao
productivity.

Despite the economic importance of CSSVD in West Africa, very few of the cacao clones
have been evaluated for their tolerance to CSSVD. The cacao species has traditionally been
grouped into Trinitario, Criollo and Forastero, based on morpho-geographic classification
[26], until about a decade ago when [27] proposed ten genetic groups, namely, Amelonado,
Contanama, Criollo, Curaray, Guiana, Iquitos, Maraiion, Nacional, Nanay, and Purus. Across
time, highly diverse accessions have been collected in the primary center of diversity and dis-
tributed to various cacao gene bank centers, such as the Centro Agronomico Tropical de Uni-
versal Investigacion Ensenanza (CATIE) in Costa Rica, the International Cocoa Gene bank
(ICG) in Trinidad, and the International Cocoa Quarantine Centre, UK. In Ghana, different
cacao introductions from these gene banks have occurred over different time scales and cur-
rently, 959 germplasm accessions are being conserved in a field gene bank at the Cocoa
Research Institute of Ghana (CRIG).

In Ghana and most of West Africa countries where the yield response of most cacao clones
to CSSVD is unknown, it is important to comprehensively investigate the effect of CSSVD on
yield performance of cacao clones. The yield of cacao is a complex trait and depends on com-
ponents such as bean weight, number of beans per pod and number of pods per tree, which
could also be influenced by numerous environmental factors such as pollinations and diseases
[28]. This paper therefore emphasizes the importance of estimating the effect of CSSVD on
yield component traits in cacao. It demonstrates that in addition to the requirement of gauze
house screening where seedlings are infected with CSSV, the final selection of CSSVD tolerant
material must be based on responses of yield component traits to CSSVD infection. The rela-
tive reduction in yield component traits of symptomless and symptomatic trees and disease
spread among 210 different cacao clones were evaluated. Broadening our knowledge on how
CSSVD infection influences yield component traits is necessary for the cacao industry in
Ghana. This will guide the selection of high yielding and good bean quality cacao clones that
are tolerant to CSSVD in Ghana.

Materials and methods
Plant materials

A total of 210 cacao clones were selected for this study. These comprised clones from different
genetic origin (Table 1) and selected on the basis of differences in their introduction period
and breeding history. This includes clones introduced before the beginning of formal research
in 1938 which were mostly the local Amelonado, the most susceptible genotype and the local
Trinitario introduced by Tetteh Quarshie and Governor Griffiths, respectively [29]. The

PLOS ONE | https://doi.org/10.1371/journal.pone.0262461 January 20, 2022 3/17


https://doi.org/10.1371/journal.pone.0262461

PLOS ONE

Impact of CSSVD incidence on yield traits of cacao

Table 1. Genetic type of 210 cocoa clones used for the study.

Genetic Clone

type

Amelonado | A 196, BE 10, CC 10, CC 11, DOM 4, MA 12, P 30, TF 6, TF 20
Nacional MO 9, MO 20, T56/118 (MO 14 open-pollinated)

Iquitos IMC 6, IMC 23, IMC 45, IMC 53, IMC 55, MAN 15/2, T16/530 and T16/618 (IMC 24 open
pollinated), T17/358, T17/1856 (IMC 53 open pollinated), IMC 60, IMC 61, IMC 67, IMC 76 IMC
83, AMEZ 3/2

Curaray COCA3348/52, LCTEEN 261/54

Guiana GU 123/C, GU147/C, GU 125/V, GU 219/H and GU249/H

Nanay NA 3, NA 33, T11/94 (NA 33 open-pollinated), T14/233, T14/295 (NA 43 open-pollinated), T13/472,

T 13/382 and T 13/383 (NA 60 open-pollinated), NA 124, NA 227, NA 427, NA 242, NA 387, NA
535, NA 904, NA 929, Pound 7, Pound 12/A

Purus RB 41, RB 49
Maraiion PA7,PA 13, PA 16, PA 37, PA 56, T53/46 (PA 37 open-pollinated), PA 65, PA 70, T30/539 and T30/
628 (PA 103 open-pollinated), PA 107, PA 118, PA 124, PA150

Unknown EET 397 and EET 399 (Ecuador), RIM 189 (Mexico), SGU 50 (Criollo x Matina hybrids), T60/887,
T60/885, T60/1052, T60/1774 and T60/975 (PA 7 x NA 33), T60/887 x IMC 53, T60/887 x NA 33,
T60/887 x PA 7/808, T61/1239 and T61/13/26 (NA 33 x NA 32), T62/205 (NA 33 x NA 34), T63/762,
T63/961, T63/971, T63/967, T63/852 and T63/882 (PA 35 x NA32), T63/971 x SCA 6, T65/236, T65/
238 and T65/329 (PA 7 x IMC 47), T72/2388 and T72/1768 (NA 3 x IMC 60), T73/1931 and T73/
2454 (NA 33 x IMC 60), T76/1068, T76/1136, T76/1224 and T76/1835 (PA 35 x NA 31), T79/1150,
T79/380, T79/1064 and T79/467* (NA 32 x PA 7), T81/1879 and T81/1880 (NA 31 x NA 32), T82/503
and T82/2294 (NA 32 x PA 35), T85/874 and T85/799 (IMC 60 x NA 34), T85/799 x MA 12, T87/98,
T87/12 and T87/368 (IMC 60 x NA 34), T88/2130 (ICS 85 self), T90/114, T90/187 and T90/2093
(IMC 76 x NA 32), T92/795 and T92/1614 (NA 32 x NA 31), T99/129 and T99/395 (ICS 56 x ICS 85),
NA 33 xIMC 53, NA 33 x IMC 67, NA 33 X PA 7, NA 33 x T60/887, PA 150 x IMC 67, PA 150 x NA
33, PA 150 x SCA 6, PA 150 x SCA 9, PA 150 x T60/887, PA 7 x IMC 53, PA 7 x IMC 67, PA 7 X NA
33,PA 7 x T 60/887, C/SUL 7, EQX 78, EQX 3338, GC 29, MOQ6/95, MOQ 210, PASCAL, PNG 10,
PNG 360, PNG 336, T 4/159, T 6/526, T 6/525, T 8/287, T 8/199, T 9/66, T 114/584, T 20/126, T 20/
50, T 23/458, T 23/509, T 28/805, T 29/378, T 35/78, T43/1054, T44/547, T89/158

Contanama | SCA 6, SCA 9, T12/61, T12/63, and T12/151 (SCA 12 open-pollinated)

Trinitario A 12, A 46, A 45, A 72, A 164/43, A 164/45, B 36 (local trinitario), CAM 12 (trinitario), D 26, D 70,
T3/247 and T3/335 (local trinitario) ICS 16, ICS 25, ICS 39, ICS 40, ICS 43,1CS 70, E9, E 9/195,E 17,
E75,K5,K9,02,R 15 (local trinitario), S 19, S 72, T24/229 and T24/297 (ICS 80 open-pollinated),
T26/277 (ICS 45 open-pollinated), T39/659 (ICS 6 open-pollinated), T45/145 (ICS 70 open-
pollinated), T57/305, T57/308 and T57/368 (ICS 60 open-pollinated), ICS 70, T88/2130 (ICS 85
SELF) U 7,Y 44 and Z 47 (local trinitario)

*Unknown—Clones that could not be allocated to any of the genetic groups which includes hybrids.

https://doi.org/10.1371/journal.pone.0262461.t001

Trinidad introductions clones (referred to as T) which comprises different combinations of
open and hand pollinated pods from the upper Amazon, lower Amazon and Trinitario genetic
group, and brought into Ghana by Posnette in 1944 [29]. The British introductions which con-
sisted of true to type clones of Nanay (Na), Iquitos (IMC), Maranon (PA), and Contanama
(SCA) cover introductions made between 1960s to 1980s [30]. The relatively recent introduc-
tions largely comprised the Guyana (GU), Nacional, Curaray and Purus genetic group [31].
Clones that could not be allocated to any of the genetic groups including hybrids were classi-
fied as unknown. Five seed garden clones (T60/887, T63/971, T17/358, T85/799 and T79/501)
that are tolerant to CSSVD and high yielding [32] were included.

Field evaluation and plant culture

Field experiment was conducted at the Cocoa Research Institute of Ghana (CRIG), Tafo (a
humid rainforest belt, with latitude 06° 13'N, 0° 22" W). Soil samples randomly taken from the
experimental site and analysed before planting indicated 0.9 g/kg nitrogen, 8.6 g/kg carbon,
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7.08 (pg/g) available phosphorus and 0.60 (meq/100g) potassium. In generating experimental
materials, scions from fan branches of the 210 selected clones were budded onto six-month
old rootstocks generated from PA7/808 x PA 150. The developed clones were transplanted in
July 2010, eight months after budding, following a randomized complete block procedure with
four replications, consisting of three trees per clone per block. They were planted at 3.0 m*
spacing under both plantain as temporary shade and Terminalia spp. as permanent shade. The
plantain was planted at 3.0 m” spacing and the permanent shade at 18.0 m? spacing. The shade
plants were planted three-months before the cocoa clones were transplanted. Standard crop
management practices for weed, pests and disease control, and fertilizer application were
followed.

A visit by CSSV disease inspection team in June, 2013 revealed that some of the trees
showed symptoms of CSSVD even though there was no cacao farm around the area and no
deliberate CSSV inoculation was made. A thorough field monitoring revealed that the pres-
ence of CSSVD symptoms was clone specific ie GU 225V, R 15A, RB 45, ALPHA B36, ICS 95,
10P, CAS 3, PA 140, T16/613, T85/787 and T44/546. Tracing the source of budwood of these
clones indicated that the parent trees had CSSVD infection. Natural spread of the disease from
trees of these clones to others within the plot was subsequently monitored.

Field data collection

The spread of infections from the infected clones to other trees was monitored by a disease
spotter with years of experience in CSSVD identification. Visual symptoms such as red vein
banding, vein clearing or chlorosis along the veins, swelling in stems and chupons were
assessed. Even though CSSVD was identified in the plot in June, 2013, data collection was
delayed until January, 2015 to allow canopy formation to facilitate transmission of virus by
mealybugs. Monitoring of CSSVD symptoms of the whole plot was on a bi-monthly basis until
December 2020, when about 30% of the test trees had symptoms and infected trees were visibly
labeled and recorded as follows;

« Date of first appearance of visible symptoms of CSSVD in a tree
« Type of symptom expressed in a tree

Percentage disease incidence per clone was estimated by dividing the total number of trees
of a clone showing symptoms with the total number of trees of that same clone and multiply-
ing by 100 at the end of the evaluation period for all the 210 clones. When estimating the yearly
proportion of disease incidence, the available trees were taken as symptomless until a tree
expressed symptoms. The percentage disease incidence was further classified as no-disease
incidence (0%), low disease incidence (<25%), moderate disease incidence (25-50%), high
disease incidence (50-75%) and very high disease incidence (>75%) for the different cocoa
genetic groups. Apparent rate of virus spread in the field was estimated by regressing yearly
proportions of disease incidence on time.

Yield data collection was carried out between August 2018 and April 2020. In order to
avoid biased results, clones were checked thoroughly and those with 20% tree death or having
almost all trees showing symptoms were excluded. Two clones, CAM 12 and PA 124 among
the 29 no-disease incidence class were also excluded because they could not produce enough
pods for yield component analysis. Sixty eight clones, 27 from the no-disease incidence class
and 41 from the moderate disease incidence class (ie clones with substantial proportions of
symptomless and symptomatic trees for comparison) were evaluated. At harvest, the number
of mature pods of clones from symptomless and symptomatic trees was bulked separately,
counted and broken for each plot. Dry mass of seeds, obtained from a sample of 20 pods per
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group per clone after being fermented and dried to a moisture content of 7%, was used to esti-
mate the mean bean weight after counting. Pod value (number of pods needed to produce 1 kg
of dry beans) was estimated from the mean bean weight and number of beans per pod. Total
yield was determined from the total number of pods produced per clone per group divided by
their pod values.

Indexing of symptomless trees

To determine if some of the seemingly healthy trees could also have been infected, some of the
symptomless cacao trees were indexed after the sixth year when 30% of the trees were showing
symptoms. Three budwoods were taken from selected tagged trees and patch-budded onto
Amelonado (the most susceptible cacao cultivar) seedlings and subsequently observed for
symptoms of CSSVD. The standard procedure for CSSVD indexing adopted by [13], where
symptoms are visibly seen in tender new leaves of infected trees within nine months after bud-
ding was followed. Percentage latency, the apparently healthy trees in the field that showed
symptoms after indexing and reliability of visual identification, the apparently healthy trees in
the field that did not show symptoms after indexing were estimated.

Statistical analysis

Analyses of variance (ANOVA) were first run separately for percentage disease incidence of
the 210 clones, yield of the 27 clones from the no-disease incidence class and 41 of the moder-
ate and high disease incidence class using GenStat statistical software version 11(VSN Interna-
tional Ltd., Hemel Hempstead, UK). The average trait values, with clones considered fixed was
computed for each trait using a random effect model. Normality of each data was checked
based on the plot of the residuals. For the 41 clones, sum of squares for entry was partitioned
into symptomless vs. symptomatic effects. In estimating relative reduction of yield traits
among clones, mean differences (MD) in percentages between symptomless and symptomatic
trees of same clones were calculated as follows:

MD = (SL — §) x 100/SL,

Where; SL is symptomless and S is symptomatic. Treatment means were separated via the
Duncan’s multiple range test at p = 0.05 level of significance.

Results

Classification of the 210 clones based on percentage disease incidence revealed that 29 of them
did not show any symptoms during the study period (Table 2, S1 Table). Among the 29 clones,
Nanay clones had two, Maraiion had two, Iquitos had three, Contanama had one, Trinitario
had five and Unknown clones had 16. Of those clones that showed symptoms, clones of
Nanay, Maraiion, Iquitos, Contanama Guiana, Curaray, Nacional and Purus origin generally
dominated the low DI class < 50%. Trinitario and the Unknown clones had substantial num-
bers in all the classes even though those with lower DI, < 50% were more than those with
higher DI, > 50%. The Amelonado clone dominated the high CSSVD incidence classes. In
general, the distribution of DI had 180 out of the 210 clones having infections lower than 50%
(Table 2).

Significant differences were found among the different cacao genetic groups (Fig 1) in
symptom expression. The first year DI was significantly (p < 0.05) higher in Nacional (6.3%)
clones and lowest in the Iquitos (1.90%) clones. Disease incidence in Guiana and Curaray
clones were delayed until the second year. Though DI progressed in all the groups over time,
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Table 2. Number of clones per genetic group with disease incidence in a given range and percentage symptomless clones evaluated in field.

Genetic group Number of clone Number of clone per genetic group showing CSSVD incidence % symptomless clone

0% Low (<25%) Moderate (25-50%) High (50-75%) Very high (>75%)
Amelonado 9 0 1 4 2 2 0
Guiana 5 0 2 3 0 0 0
Curaray 2 0 1 1 0 0 0
Iquitos 16 3 5 5 2 1 16.6
Nanay 18 2 5 8 2 1 10.5
Marafion 14 2 5 6 1 0 14.3
Contanama 5 1 2 2 0 0 20
Trinitario 41 5 12 13 7 3 12.1
Purus 2 0 1 1 0 0 0
Nacional 3 0 1 3 0 0 0
Unknown 95 16 29 32 12 6 16.
Total 210 29 64 78 26 13

Unknown- clones which cannot be assigned to any of the identified genetic groups.

https://doi.org/10.1371/journal.pone.0262461.t002

increments were high in Amelonado. Clones of Contanama had the lowest (26%) DI and the
highest was Amelonado (44.8%) by the end of six-year data collection period.

There was a very high level of variation among the 27 clones of the no-disease incidence
class evaluated for dry bean yield (DBY) with more than three-fold difference between the

50.00 -+
45.00 -
40.00 -
= Amelonado
35.00 - = (Guiana
g == Curaray
o 30.00 - )
e ——Iquitos
@
-]
E 25.00 Nanay
@ = Marafion
o 20.00 -
A Contanama
o
15.00 - Trinitario
e PUUS
10.00 -
e N CiON AN
5.00 - Unknown
0.00
1 2 3 4 5 6
Year

Fig 1. Disease incidence (%) over time among the different genetic groups over six—year period. Bars indicate standard error of means.

https://doi.org/10.1371/journal.pone.0262461.9001
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least-yielding clone (T9/22-0.72 t/ha) and the highest-yielding clone (T63/97 x SCA 6-2.1 t/
ha) (Table 3). Six of the clones (T76/1835, NA 124, T82/2294, T65/239, T35/78 and T63/97 x
SCA 6) were superior in yielding ability relative to the best CSSVD tolerant Seed Garden clone
(T17/358-1.44 t/ha) included in the study.

Among the 41 clones evaluated for effect of CSSVD on yield component traits, significant
differences were observed for all the traits (Table 4). Mean distribution of bean weight (BW)
was 1.16 g, ranging from 0.78 g in clone SCA 6 to 1.45 g in clone ICS 25 among symptomless
trees. For the symptomatic trees, the mean BW was 1.13 g and varied from 0.72 g in clone SCA
6 to 1.36 g in clone D 26. Twelve out of the 41 clones had significantly (p < 0.05) higher BW in
the symptomless trees than the symptomatic trees. Clone T23/509 had the greatest influence
under CSSVD infection showing both a low BW of 0.84 g and, subsequently, the highest per-
centage reduction (20.0%) for BW.

With regards to number of beans per pod (NoBP), symptomless trees had a mean of 32 and
varied from 22.6 in clone PA 7 x NA 33 to 44.6 in clone T 23/509, whereas symptomatic trees
had a mean of 30, and ranged from 20 in clone PA 7 x NA 33 to 41 in clone PA 7 x IMC 53.
Out of the 41 clones, 24 were significant (p < 0.05), with 22 being higher in the symptomless

Table 3. Mean yield of 27 clones from the no-disease incidence class evaluated over two-year period.

Selection Yield (t/ha/year)
T 9/22 0.72
IMC 61 0.79
T 65/326 0.88
T 92/1614 0.89
T 16/618 0.90
T 20/126 0.91
T 60 x IMC 53 0.93
PA150xSCA 6 1.01
T 24/297 1.05
E9 1.06
PA 118 1.10
T12/151 1.14
NA 33 1.23
T20/50 1.27
T65/238 1.27
T85/874 1.28
T49/778 1.31
T79/1150 1.34
02 1.38
T57/305 1.40
T17/358 1.44
T76/1835 1.52
NA 124 1.64
T82/2294 1.72
T65/239 1.86
T35/78 1.92
T63/97 x SCA 6 2.06
LSD (5%) 0.78

LSD = Least significant difference.

https://doi.org/10.1371/journal.pone.0262461.t1003

PLOS ONE | https://doi.org/10.1371/journal.pone.0262461 January 20, 2022 8/17


https://doi.org/10.1371/journal.pone.0262461.t003
https://doi.org/10.1371/journal.pone.0262461

PLOS ONE Impact of CSSVD incidence on yield traits of cacao

Table 4. Mean performance between symptomless and symptomatic trees for bean weight, number of beans per pod, bean yield and relative reduction in yield of 41
cacao clones evaluated over two-year period.

Clone Average bean weight (g) Average number of beans per pod Average bean yield (t/ha/year) % yield reduction
symptomless |symptomatic | DF symptomless |symptomatic | DF symptomless |symptomatic | DF
A 196 1.08 1.06 0.02 32.76 28.86 3.90"* | 1.18 1.03 0.16 13.10
B 36 1.08 0.95 0.13** | 24.54 25.10 -0.56 1.55 1.16 0.39 25.06
D26 1.36 1.36 0.00 28.15 29.52 -1.37 1.38 1.03 0.35 25.05
D70 1.12 1.16 -0.04 33.89 30.50 3.39"* | 1.19 0.67 0.52 43.18
ICS 25 1.45 1.34 0.11* 30.70 24.53 6.17°* | 1.54 1.00 0.54* 34.96
ICS 40 1.31 1.25 0.06 37.75 30.43 7.32** | 2.60 2.12 0.48 18.45
IMC 76 1.13 1.12 0.01 34.57 35.16 -0.59 1.27 1.06 0.21 16.61
MAN 15-2 1.09 1.12 -0.04 | 32.70 30.38 2.32° 0.89 0.90 -0.01 -1.13
L 6/428 1.09 1.00 0.09* 27.08 29.75 -2.67 | 0.58 0.59 -0.01 -0.17
N8/112 1.01 0.97 0.04 31.91 31.58 0.33 0.81 0.49 0.31 38.67
NA 227 1.04 0.98 -0.06 34.09 27.10 6.99** |1.13 0.36 0.77* 68.23
NA 33xIMC67 |1.10 1.16 -0.10 34.61 36.92 -2.31 1.54 1.66 -0.12 -7.86
NA 929 1.05 1.07 -0.03 30.41 28.38 2.03* 0.77 0.92 -0.14 -17.76
P 30 1.32 1.09 0.23** | 27.96 27.25 0.71 0.96 0.71 0.25 25.99
PA 150 XSCA9 |1.18 1.19 -0.01 32.54 30.04 2.50" 1.65 1.10 0.54* 32.99
PA 65 1.12 0.97 0.15** | 27.96 24.30 3.66"* | 0.66 0.79 -0.13 -19.85
PA7 1.15 1.04 0.10* 28.99 27.85 1.14 1.25 1.09 0.16 12.79
PA7xIMC53 1.19 1.23 -0.04 37.14 40.92 -2.15% | 1.07 0.87 0.19 17.99
PA7xIMC 67 1.28 1.30 -0.03 30.66 30.33 0.33 1.14 0.82 0.32 28.52
PA7xNA33 1.21 1.17 0.04 22.56 19.89 2.67* 1.43 1.14 0.28 20.13
PA 70 1.23 1.20 0.03 23.79 20.86 2.93* 0.74 0.69 0.05 6.51
PASCAL 1.18 1.13 0.05 33.86 27.59 6.27** | 1.34 1.32 0.03 1.79
PENTAGONA 1.05 1.07 -0.03 25.58 23.29 2.29* 0.37 0.35 0.02 4.59
RB 41 1.13 1.14 -0.01 30.60 28.49 2.11% 1.18 1.07 0.11 9.61
RB 49 0.91 0.99 0.07* 36.94 35.63 1.31 0.59 0.65 -0.09 -15.02
SCA 6 0.78 0.72 0.06 26.90 25.54 1.36 0.46 0.25 0.21 46.32
SGU 50 1.09 1.11 -0.02 26.46 29.17 -2.71" | 0.67 0.99 -0.33 -29.73
T 23/509 1.05 0.84 0.21** | 44.57 39.29 3.65" 0.76 0.49 0.27 35.34
T 29/378 1.26 1.27 -0.08 37.95 33.54 4.41"* | 1.66 0.88 0.77* 46.75
T 3/247 1.10 1.20 -0.10 36.16 33.82 2.34* 1.61 1.04 0.57* 35.39
T 30/628 1.20 1.25 -0.05 26.98 26.70 0.28 1.49 1.29 0.19 13.32
T 39/651 1.10 1.16 -0.06 28.24 28.26 -0.02 1.96 0.93 1.04* 52.88
T 60/887 1.25 1.21 0.04 35.00 34.50 0.50 2.02 1.86 0.16 7.98
T 63/882 1.42 1.15 0.27** | 36.23 37.21 -0.98 1.69 1.18 0.51 30.01
T 63/971 1.10 1.12 -0.02 30.00 31.00 -1.00 1.50 1.63 -0.13 -8.59
T 76/1136 1.35 1.25 0.10* 36.18 37.67 -1.49 2.12 1.58 0.54* 25.39
T 76/1224 1.08 1.11 -0.03 36.66 30.15 6.51** | 1.47 0.83 0.64" 43.49
T 79/380 1.14 1.12 0.02 26.96 25.10 1.86" 1.03 1.19 -0.16 -15.54
T 81/1879 1.11 1.13 -0.02 38.74 32.76 5.98"* | 1.75 1.53 0.22 12.94
T 82/503 1.26 1.27 0.00 35.99 34.28 1.71* 2.24 1.77 0.46 20.69
TF 6 1.16 1.06 0.09* 35.03 30.98 4.05"* | 1.59 0.56 1.03** 64.63
Mean 1.16 1.13 0.03 31.95 30.11 1.73 1.29 1.01 0.28 21.17
LSD (5%) 0.07 1.52 0.19

LSD = Least significant difference, DF = difference between symptomless and symptom within clones.

https://doi.org/10.1371/journal.pone.0262461.t004
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Fig 2. Relationship between yield of symptomless and symptomatic trees of 41 clones evaluated over two-year
period. Note, deviations from the 1: 1 line due in part to yield reduction effects (R* = 0-62).

https://doi.org/10.1371/journal.pone.0262461.9002

trees and only two in the symptomatic trees for NoBP, indicating that the trait may be influ-
enced by CSSVD. The mean percentage reduction across clones was 5.5% and the clone with
the highest reduction (21%) was NA 229 for NoBP (Table 4).

Dry bean yield was least in Pentagona (0.37 t/ ha) and highest in ICS 40 (2.6 t/ ha) among
the symptomless trees, and least in SCA 6 (0.28 t/ ha) and highest in ICS 40 (2.12 t/ ha) among
symptomatic trees. Out of the 41 clones, 11 had significantly (p < 0.05) higher DBY in symp-
tomless trees compared to the symptomatic trees. The mean percentage reduction across
clones was 21.17%, and clone NA 227 that had the highest reduction in NoBP also had the
highest of 68% for DBY (Table 4).

Regression of symptomatic trees on symptomless trees for DBY (Fig 2) was only moderately
efficient, with coefficient of determination of 62%. Large deviations from the 1:1 line are indic-
ative of the positive or negative response of DBY to disease infection. Of the 41 clones studied,
32 were negative indicating reduction in DBY and 9 were positive, showing increase in DBY.
One of the two clones (SGU 50) with higher NoBP was among the 9 clones with increased
DBY after infection. Among the four highest yielding clones (T60/887, ICS 40, T76/1136 and
T82/503), T76/1136 had significant reduction in DBY between symptomless and symptomatic
trees. The symptoms observed during disease monitoring period were red vein banding, vein
clearing and swelling of shoots (Fig 3). Majority of the symptoms were however vein clearing
(91%) even though all the symptoms were of the new Juabeng 1A strain virus which has
infected cacao farms in the Eastern Region of Ghana.

Following nine months of indexing of the 29 symptomless clones, five (E 9, T 24/297, T 49/
778 -Trinitarios, T 17/358 an Iquitos, T 65/238 a Nanay and Iquitos hybrid) showed symptoms
(Table 5). This brings to 24 the number of symptomless clones in the study. The trees success-
fully selected as symptomless, which can be assumed as reliability of the visual method of iden-
tification was 92%.
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Fig 3. Percentage distribution of CSSVD symptoms observed during the evaluation period.
https://doi.org/10.1371/journal.pone.0262461.g003

Discussion

CSSVD is a major threat to cacao production in West African countries and, the expectation
in Ghana is to progressively remove about 100,000 ha of infected CSSVD outbreaks across the
cocoa regions by 2023 [32]. Efforts to re-establish most of the infected cacao farms with cacao
varieties that are tolerant to the disease have increased currently in Ghana. However, informa-
tion on the effect of CSSVD infection on yield components of most cocoa clones is limited
even though they are important quality traits for selection of tolerant cacao varieties. The focus
of this study was to provide information on the effects of CSSVD on yield component traits
and the rate of spread of the disease among different cacao genetic groups.

It is noteworthy that the current study was established in 2010, but data on yield component
traits were collected in 2018/19 and 2019/20 cropping seasons. This is because to estimate tol-
erance, substantial number of trees from symptomless and symptomatic trees of the same
clone is required for comparison and it was at that stage that about 30% of the clones had
symptoms. The yield data collection was also done for two years because some of the symp-
tomless trees selected later showed symptoms. This reduced the number of trees in the symp-
tomless group, making data collection difficult after the 2019/20 cropping season. Results from
the study showed considerable variation among clones for all the traits and this may be attrib-
uted to the larger number of clones included in the study.

In comparison, the symptomless trees were better than symptomatic trees in only three of
the clones for BW. This agrees with the low percentage reduction of 2.5 for BW, indicating
that CSSVD infection may have little influence on the trait. Variation among clones for BW
showed that 92% of the symptomless trees and 82% of the symptomatic trees met the mini-
mum BW value of 1.0 g established by the chocolate industry and could be sold on the interna-
tional market. The lowest BW of clone SCA 6 for both symptomless (0.78 g) and symptomatic
(0.72 g) trees corresponds to findings of [33] and [34] who reported BW of 0.71 gand 0.79 g
for SCA 6, respectively and confirm previous reports [35-37] that BW is highly heritable.

For NoBP, the values obtained for majority of the clones were significantly higher in symp-
tomless trees than symptomatic trees, indicating that CSSVD may influence the trait. [28, 38]
concluded that the NoBP depends on a lot of factors including number of ovules per ovary,
which is influenced by intensity of pollinating, and insects and disease infestation. The infected
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Table 5. Indexing of 29 symptomless cacao clones in gauze house for 9 month—period.

Clones Total number of trees | Number of grafted trees showing Clones Total number of trees | Number of grafted trees showing
grafted symptoms (9M) grafted symptoms (9M)
CAM 12 3 0 T9/22 3 0
E9 2 2 T 35/78 2 0
IMC 61 2 0 T 49/778 3 1
NA 124 3 0 T 57/305 2 0
NA 33 3 0 T 60/887 x IMC 4 0
53
02 4 0 T 63/971 x SCA 3 0
6
PA 118 5 0 T 65/238 4 1
PA214 4 0 T 65/239 0
PA 150 x SCA 4 0 T 65/326 3 0
6
T 12/151 4 0 T 76/1835 4 0
T 16/618 4 2 T 79/1150 2 0
T 17/524 3 0 T 82/2294 2 0
T 20/126 2 0 T 85/874 2 0
T 20/50 3 0 T 99/1614 3 0
T 24/297 2 1
Total 88 7

Reliability of visual identification (%) = 92.0
https://doi.org/10.1371/journal.pone.0262461.t005

cacao trees lose chlorophyll as a result of vein-clearing and other symptoms which affect the
plant’s photosynthetic efficiency [39], and subsequently reduce biomass and NoBP. With
regards to DBY, variation among symptomless and symptomatic clones was generally high; a
mean of 1.29 t/ha/year for symptomless and 1.01 t/ha/year for symptomatic with a mean dif-
ference of 0.28 t/ha/year. Dry bean yield is a component that depends on BW, NoBP and num-
ber of pods per tree. Although, the values of symptomless trees were higher than symptomatic
trees for BW and NoBP, the magnitude in DBY was very large (0.28 t/ha/year). This may be
accounted for by number of pods per tree which was always higher in symptomless trees com-
pared to symptomatic trees.

This result is very consistent with those reported by [39] with regards to the difference
between symptomless and symptomatic clones in experiments with Amelonado and Upper
Amazon cacao clones, where a difference of 0.27 t/ha/year was observed between symptomless
and symptomatic trees for Upper Amazon cacao clones and 0.41 t/ha/year for Amelonado
cacao clones. The decrease in yield after infection, evident in 79% of the clones in this study, is
a clear indication of the negative effects of the CSSVD on DBY. A decrease in yield in
unhealthy cacao trees after infection with CSSVD was also observed by [40].

Out of the 20 best high yielding cacao clones identified (Tables 3 and 4) which recorded
yields above 1.4 t/ha, eight (NA 124, T17/358, T35/78, T57/305, T63/971 x SCA 6, T65/239,
T76/1835 and T82/2294) combined high yield with no DI. Clone T17/358 is an open pollinated
clone of IMC 53, T63/971 is a hybrid of PA 35 x IMC 85, T65/239 is a hybrid of PA 7 x IMC
47, T76/1835 is a hybrid between PA 35 x NA 31 and T 82/2294 is a hybrid of NA 32 x PA 35.
Even though they are all of Upper Amazon origin with the exception of T35/78 an unknown
genotype and T57/305 a Trinitario, only T63/971 and T17/358 are used as parental clones in
the Seed Gardens of Ghana for pod production. The remaining 12 clones (B 36, ICS 40, PA
150 x SCA 9, NA 33 x IMC 67, T29/378, T30/628, T39/651, T60/887, T63/971, T76/1136, T 81/
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1879 and T 82/503) among the 20 best high yielding clones even though are potential high
yielding clones, some incidence of the CSSVD was observed on those clones during the study.

Based on the R? value, the degree of covariation (coefficient of determination) between
yield of symptomless trees and symptomatic trees is 62%. In this analysis, deviation of the R*
value from unity expresses the degree of yield losses due to CSSVD infection. Clones above the
line in Fig 2 are less sensitive to disease infection in terms of yield than those below the line.
The effect of CSSVD infection on clones could be grouped into two classes; high yielding
clones with less yield reduction as a result of CSSVD infection (e.g. T60/887) and high yielding
clones with high yield reduction as a result of CSSVD infection (e.g. T76/1136). For instance,
clone T76/1136 invariably had 0.1 t/ha yields higher than T60/887, but the latter had yield
reduction of only 0.16 t/ha whereas the former had 0.54 t/ha. These differences could enable
the selection of high yielding varieties that are tolerant to CSSVD and eight of the high yielding
clones; B 36, ICS 40, NA 33 x IMC 67, T30/628, T60/887, T63/971, T 81/1879 and T 82/503
had lower yield reductions. Clone T81/1879 is a hybrid of NA 32 x NA 31, T60/887 is a hybrid
of PA7 x NA 32 and T 82/503 is a hybrid of NA 32 x PA 35. Among these, only T60/887 is
used as parental clones in the Seed Gardens of Ghana for pod production, and the other seven
identified above could also be used as parental clones in the seed garden.

Disease incidence was highly variable with some of the clones having all of their trees show-
ing no CSSVD symptoms, others had small proportions of their trees showing CSSVD symp-
toms whereas others had large proportions showing CSSVD symptoms. Those with very high
DI included CC 10, D 26, EET 399, EQX 3338, EQX 78, ICS 16, ICS 25, MOQ 210, P 16B,
POUND 7 and T 60/1774 and could be concluded that these clones will be of little use in
applied cacao breeding that seeks to develop tolerant CSSVD varieties. Clones that showed no
CSSVD symptoms (CAM 12, 02, IMC 61, NA 124, NA 33, PA 118, PA124, PA 150 x SCA 6, T
9/22, T 12/151, T 17/358, T 20/126, T 20/50, T 35/78, T 57/305, T 60/887 x IMC 53, T 63/

971 x SCA 6, T 65/239, T 65/326, T 76/1835, T 79/1150, T 82/2294, T 85/874, T 99/1614 and T
99/795) may possess CSSVD tolerance genes or may have escaped infection. It is worth noting
that the majority of this group are from the Upper Amazon population. This concurs with pre-
vious studies [19, 41, 42] which concluded that among the different cacao genetic groups, the
Upper Amazon clones are more tolerant to CSSVD infection.

Disease spread by the new Juabeng 1A strain virus (CSSV 1A) among the different genetic
groups was lowest (26%) in Contanama clones and highest (44%) in Amelonado clones after 6
—year period. Although Contanama had only 5 clones from the onset of the study, this observa-
tion is consistent with regards to what was found by [41] who reported the lowest DI of 22% in
SCA crosses and highest of 75% in Amelonado selfs over a four-year period of infection by the
CSSV 1A. The differences in DI between both studies may partly be accounted by the differ-
ences in experimental designs, a single tree randomisation design in this study and block
design in the previous study. Most of the spread of CSSVD in the field occurs in a radial man-
ner as mealybugs move and feed in inter-locking branches of cacao canopy [11]. In a single
tree randomisation design, trees of different clones are randomised within blocks and canopy
of those that are resistant/tolerant within blocks may delay disease transmission by mealybugs
from infected to healthy plants. In block planting, because plots are composed of the same
genotypes, infected plants serve as sources of inoculum from which further spread by mealy-
bugs occurred.

Disease incidence among the underrepresented groups of Guiana and Curaray was delayed
until the second year before the trees started to express symptoms. Infections were also low,
16% in COCA 3348/52 and 14% in GU 219/V. These two clones could be used as parents to
broaden the range of tolerant clones in breeding programmes that seek to develop CSSVD
resistant varieties. Interestingly, Trinitario clones dominated both the low and high DI classes.
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This shows that in any CSSVD studies, the resistance levels of clones should be estimated and
classified into susceptible or resistant before being applied in any breeding program. Trinitar-
ios are natural hybrids between Forastaro and Criollo, and because Forasteros are Upper and
Lower Amazon genotypes, such mixed reaction should be expected for clones of Trinitario ori-
gin. [40] reported high resistance when Trinitario clone T9/21 was used in crosses with Upper
Amazon clones. However, [16] found low resistance when Trinitario clone ACU 85 was
crossed with Upper Amazon clones.

Monitoring of CSSVD infection in this study was based on visual method of symptom
expression and in cases where clones are latently infected, it is difficult to identify infected
trees. A DNA-based PCR approach could have improved the reliability of the data in confirm-
ing the status of the symptomless trees. It is well established, however, that most of the CSSVD
primers available are strain-specific and the detection power of these primers are very low,
about 30% [43]. From the results of the index experiment, visual method used in monitoring
disease infections in this study was high (92%). This implies that the visual method is quite reli-
able and could be used until reliable primers are made available.

Conclusions

The significant differences between symptomless and symptomatic trees of the same clones
identified, especially for yield suggests that yield component is important in selecting tolerant
CSSVD materials. This implies that cacao clones should be tested extensively for those traits to
select tolerant CSSVD clones that are high yielding to maximize yield. Cocoa swollen shoot
virus disease studies for yield traits in cacao is very scarce and previous studies have used
gauze-house screening method where several authors found that Upper Amazon clones are
more tolerant than the Amelonaldo and Trinitario clones. In such studies, the Upper Amazon
clones were recommended for planting to replace the Amalonado type which previously domi-
nated (80-85%) cacao plantings in Ghana. Results from the study showed that there is consid-
erable variation among the clones for DI and percentage yield reduction, and potential clones
could be identified in the different genetic groups. Specific high yielding and CSSVD tolerant
genotypes should therefore be the focus of selection. Clones COCA 3348/52 and GU 219/V
among the underrepresented, B 36, ICS 40, NA 33 x IMC 67, T30/628, T60/887, T63/971, T
81/1879 and T 82/503 among those that combine high yield with low yield reduction, and NA
124, T17/358, T35/78, T57/305, T63/971 x SCA 6, T65/239, T76/1835 and T82/2294 among
those that combine high yield with no-disease incidence are promising tolerant CSSVD cacao
clones. Their addition to breeding programs that seek to develop resistant CSSVD varieties or
being deployed as planting materials in endemic areas in Ghana and other West African cacao
growing countries is recommended on the basis of the present observations. It is also recom-
mended that large plantings should be composed of clones of different genetic backgrounds to
delay or minimize disease spread.
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